Introduction {#Sec1}
============

The rotaviruses group A (RVA) belonged to the *Rotavirus* genus, in the *Sedoreovirinae* subfamily and in the *Reoviridae* family (<http://www.ictvonline.org/virusTaxonomy.asp>) as it was reported in various scientific microbiological books such as Murray et al. ([@CR39]). RVA are small non-enveloped viruses, with an icosahedral capsid (Jayaram et al. [@CR25]; Murray et al. [@CR39]). The RVA genome is composed of ten double-stranded, positive sense, mono-cistronic RNA molecules and one double-stranded polycistronic RNA molecule coding for structural and non-structural proteins (Jayaram et al. [@CR25]; Murray et al. [@CR39]; Matthijnssens et al. [@CR35]; Lever and Desselberger [@CR31]; Desselberger [@CR6], [@CR7]). This group of viruses is divided into many serotypes based on the antigenic reactivity of the two-capsid structural proteins VP7 and VP4. The major glycoprotein VP7 and the minor protein VP4 encoded by gene 9, which defines 28 serotypes G (G1--G28) and by segment 4, that describes 39 serotypes P (P\[1\]-P\[39\]),respectively (Matthijnssens et al. [@CR34], [@CR36]; Desselberger [@CR6], [@CR7]; Rega Institute, KU Leuven, Belgium [@CR46]). The RVA is considered the first pathogenic etiological agent of acute viral gastroenteritis in pediatric populations (Murray et al. [@CR39]; Estes and Greenberg [@CR11]; Tate et al. [@CR53]; Desselberger [@CR6], [@CR7], [@CR8]). These viruses were recognized for their high genetic and antigenic assortment and diversity that are responsible of the emergence of some new genotypes every year (Trask et al. [@CR55]; Navarro et al. [@CR40]; Desselberger [@CR6], [@CR7], [@CR8]). In different countries in the world, RVA was detected with significant rates in sewage samples collected in dissimilar wastewater treatment plants (Prevost et al. [@CR44]; Ibrahim et al. [@CR20]; Leifels et al. [@CR30]; Motayo et al. [@CR38]; Zhou et al. [@CR58]; El-Senousy and Abou-Elela [@CR9]; Assis et al. [@CR2]). Thus, these viruses are considered emerging enteric viruses in aquatic environments. The monitoring of wastewater treatment plants is a suitable approach to study the RVA circulation at these particular sites. This allows for a better understanding of the molecular epidemiology of these viruses in children. In addition, the RVA are detected in various sewage purification plants and the resistance of these viruses to different wastewater treatment procedures in many countries such as France, Iran, Italy, Germany, Brazil, Tunisia, Egypt, Venezuela, China, and Nigeria (Rodriguez-Diaz et al. [@CR47]; Kargaret al. 2013; Prevost et al. [@CR44]; Ruggeri et al. [@CR48]; Staggemeier et al. [@CR52]; Ibrahim et al. [@CR20]; Leifels et al. [@CR30]; Motayo et al. [@CR38]; Zhou et al. [@CR58]; El-Senousy and Abou-Elela [@CR9]; Assis et al. [@CR2]).

The main objective of the present study was to improve the existing limited data on RVA detection rates and viral load values in sewage in Tunisia and to evaluate the performance of biological and tertiary wastewater treatment procedures for the removal of this type of gastroenteric virus from wastewater. This investigation, which has been conducted at the scale of a big industrial wastewater treatment plant of Charguia I (20,000 million cubic meters of treated wastewater per year), is considered the first study of its scale ever accomplished in Tunisia.

Materials and methods {#Sec2}
=====================

Wastewater treatment plant and sewage sampling {#Sec3}
----------------------------------------------

The present work was achieved at the scale of a big industrial sewage purification plant positioned in the business and residential region of Charguia I of Tunis City, northern Tunisia. This plant treats a wastewater flow of about 60,000 m^3^/day. The supplied wastewater is of different types such as domestic, hospital, urban, rain, and industrial coming from various areas of the great Tunis. The wastewater treatment plant Charguia I comprises successively four different treatment categories: the pre-treatment, the primary, the secondary or biological, and the tertiary wastewater treatment procedures (Fig. [1](#Fig1){ref-type="fig"}). Finally, the tertiary treatment was achieved by using a UV-C~254~ monolamp disinfection reactor. This reactor involves two stainless steel tanks, a cylindrical treatment chamber, and only one low-pressure germicidal lamp protected by a quartz sheath (wavelength = 253.7 nm, power = 55 W), a motor pump, a valve, and a cartridge fiberglass filter for ripening and clarification of secondary wastewater. The sewage to be purified circulates in the annular space between the quartz sheath and the inner wall of the irradiation chamber. A second passage of treated wastewater trough UV-C~254~ radiation is applied after a first one. Thus, treated wastewater passes twice through the irradiation chamber in order to raise the yield of the UV disinfection. The schematic plan of the industrial wastewater treatment plant Charguia I coupled with the UV-C~254~ disinfection reactor is illustrated in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1The schematic plan of the industrial wastewater treatment plant of Charguia I and the schematic disinfection UV-C~254~ monolamp reactor

Throughout the 10 months of the present study (from June 2016 to April 2017), a total of 140 wastewater samples has been collected at various seasons and in the different sampling campaigns at the scale of the industrial Charguia I. Thus, at least seven sewage samples were collected every month as indicated: one sample at the entrance of wastewater treatment plant (WWTP) or raw wastewater (RW), one at the exit of primary treatment (OPT), one at the exit of activated sludge procedures (OAS), one at the exit of secondary treatment (OST), one sample at the exit of seeding sludge (SS), and at last, two samples after the first and the second passages through the UV-C~254~ irradiation chamber of the disinfection pilot reactor (UV~P1~, UV~P2~). As the last step, all treated wastewater mentioned as effluent of the plant will be stored in a big storage basin and the effluent will be canalized to the sea through a canal designed for this cause. This marine point of rejection of treated wastewater will be in the near future the subject of a follow-up study similar to the present study. The different sampling sites of wastewater were indicated and the monthly distribution of 140 wastewater samples was shown in Fig. [1](#Fig1){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}.Table 1The monthly distribution of wastewater sampled at the exit of each treatment procedure between June 2016 and April 2017Procedure type/monthsEntrance WWTPPrimary treatment (PT)Secondary treatment (ST)Tertiary treatment (UV)Total (*n*)RWOPTOASSSOSTUV~P1~UV~P2~June11111117July333333321September11111117October333333321November333333321December222222214January222222214February333333321March11111117April11111117Total (*n*)20202020202020140*WWTP* wastewater treatment plant, *RW* raw wastewater, *OPT* output primary treatment, *OAS* output activated sludge, *SS* seeding sludge, *OST* output secondary treatment, *UV*~*P1*~ first passage in pilot monolamp disinfection reactor UVC~254~, *UV*~*P2*~ second passage in pilot monolamp disinfection reactor UVC~254~, *n* number of wastewater samples

Virological analyses {#Sec4}
--------------------

### Virus concentration {#Sec5}

Viruses were extracted from 1 L of wastewater, using the beef extract and AlCl~3~ upgraded technique (EPA [@CR10]) in conformity with the US Environmental Protection Agency Protocol, as previously described by Ibrahim et al. ([@CR19], [@CR20]). The viral particles decontamination and precipitation were achieved using syringe filters (0.22 μm) (Sartorius, Germany) and the polyethylene glycol 6000 solution (PEG 6000, Bio Basic, Canada), respectively (Lewis and Melcaft [@CR32]). The final volume, after the last step of viral particle concentration, was around 2 mL.

### RNA extraction and real-time RT-PCR {#Sec6}

The RVA genomic RNA was isolated from 800 μL of wastewater extract, using an automatic extraction instrument referenced NucliSENS® EasyMag^TM^ platform (bioMérieux, Marcy L'Etoile, France) to obtain a final volume of 110 μL, according to the manufacturer's instructions.

The RVA detection and quantification were achieved using real-time reverse transcription polymerase chain reaction (real-time RT-PCR). RVA was detected and quantified by five sense primers (Vp2-F1 to Vp2-F5); two antisense primers (Vp2-R1, Vp2-R2); and Vp2-Pprobe. The amplified sequences were those of the gene encoding for the RVA structural capsid protein (VP2) (Gutierrez-Aguirre et al. [@CR14]; Ibrahim et al. [@CR20]). All the reactions were accomplished using the TaqMan® Fast Virus 1-Step Kit (Applied Biosysytems) in a 7500 Fast Real-Time PCR thermocycler. RVA real-time RT-PCR reactions were made using the protocol described by Ibrahim et al. ([@CR20]). The RVA real-time RT-PCR was performed in two steps. In a first step, the denaturation of the RNA was carried out at 95 °C for 5 min in the presence of sterile water. The tubes were then put immediately at − 20 °C or on ice for at least 2 min. The reaction mixture of the real-time RT-PCR was also added to the RNA single-stranded molecules for the RVA quantification. In every reaction, a series of dilutions (10^0^ to 10^9^) was added in the RVA amplification and quantification that is obligatory for the measurement of the RVA viral load in sewage samples. The standard range of real-time RT-PCR was prepared using a plasmid R2237VP2cloneF/R clone. This plasmid derived from a cloned gene fragment of the major structural protein VP2 of RVA reference strain R2237, promoted by the National Reference Centre for enteric viruses in Dijon, France. A series of decimal dilutions ranging from 10^0^ to 10^9^ were prepared from this plasmid.

Physical-chemical and bacteriological analyses {#Sec7}
----------------------------------------------

The principal physical-chemical characteristics such as pH, temperature (T °C), suspended solids (SS), chemical oxygen demand (COD), and biological oxygen demand (BOD) were tested for all wastewater sampled at the entrance (RW) and at the exit (OST) of the WWTP Charguia I according to the Standard Methods for the Examination of Water and Wastewater ([www.standardmethods.org/](http://www.standardmethods.org/)). In addition, the bacteriological analyses were achieved by the enumeration of the fecal coliforms (FC), fecal streptococci (FS), and *Escherichia coli* (EC) for all wastewater sampled at the entrance of WWTP (RW) and at the exit of every wastewater purification step (OPT, OAS, AS, SS, OST, UV~P1~, and UV~P2~), using the most probable number method (MPN) ([www.standardmethods.org/](http://www.standardmethods.org/)).

Statistical analysis {#Sec8}
--------------------

Statistical analysis was achieved based on a one-way ANOVA using SPSS software (SPSS for windows version 22, Chicago, IL, USA). The mean values of the RVA viral load were compared by the least significant difference (LSD test), according to the post hoc of Student-Newman-Keuls test, at *p* \< 0.05 and using the SPSS software program (SPSS for Windows, version 19; SPSS Inc., Chicago, IL, USA).

Results {#Sec9}
=======

*Rotavirus A* detection rates in sewage {#Sec10}
---------------------------------------

It is important to note at the beginning of this paragraph that all the results obtained in this study were based on treatment effects by recording only the number of positive wastewater samples for rotavirus detection. Thus, the presence of infectious or non-infectious viral particles (active or not) does not arise since we have used only the RVA real-time RT-PCR technique (only technique available in our laboratory), which cannot differentiate between infectious and inactivated viral particles present in the wastewater. In fact, in this work, we measure only and strictly the effect of the treatment stage by only determining the presence or the absence of rotaviruses. Thus, a result in this study indicating a positive water sample for rotaviruses does not necessarily mean the presence of infectious particles; it can only be the simultaneous presence of both types of viral particles (inactivated and live virus particles). In addition, RVA results are discussed according to the average viral load registered in every step of treatment and expressed as genome copies per liter of water (gc/L).

Thus, the RVA detection results obtained in the present study showed that 98% of the collected samples from the biological and tertiary wastewater treatment procedures were positive for the RVA (137/140). In fact, 100 positive wastewater samples were from the various basins of activated sludge procedures (100/100 × 100 = 100%), and only 37 from the exit of the UV-C~254~ tertiary treatment (37/40 × 100 = 92.5%). The two-tertiary successive passages of UV disinfection gave the successive results (19/140 × 100 = 13.6%) for the first UV passage (UV~P1~) and (18/140 × 100 = 12.8% for the second (UV~P2~) passage, respectively. Moreover, the RVA circulation in the diverse basins, from the inflows to the outflows of the activated sludge procedure and in the UV-C~254~-treated effluents allowed to identify the detection rates of these viruses in the three treatment types as indicated, follows: 100% (*n* = 20/20) within the RW, 100% (*n* = 20/20) within the OPT, 100% (*n* = 20/20) within the SS, 100% (*n* = 20/20) within the OAS, 100% (*n* = 20/20) within the OST basin, and at last 95% (*n* = 19/20) and 90% (*n* = 18/20) within the exit of UV~P1~ and UV~P2~; respectively, the two-tertiary successive passage through UV-C~254~.

Change of the average RVA load (gc/L) according to the step of wastewater treatment {#Sec11}
-----------------------------------------------------------------------------------

The RVA results showed that RVA were detected with higher and more significant frequencies in both raw wastewater (RW) and at the exit of the primary treatment (OPT) than those registered in the last three lagoon basins, such as the exit of activated sludge (OAS), the seeding sludge (SS) and the exit of secondary treatment (OST) of the activated sludge procedure. Indeed, the average RVA load has oscillated between 1.9 × 10^7^ and 3.3 × 10^10^gc/L in the first two basins: the RW and OPT. However, the RVA median viral loads have varied between 1.8 × 10^7^ and 2.8 × 10^9^ gc/L in the last three basins OAS, SS, and OST. In addition, RVA was encountered in both RW and OPT basins at high frequencies with 100% in RW and in OPT, and with significant average viral loads of 5.8 × 10^9^ gc/L in RW and 3.9 × 10^9^ gc/L in the OPT, respectively. Similarly, the RVA detection rates were very high in the last three basins of activated sludge procedures and at the exit of the two successive UV-C~254~ passages. These frequencies were around 100% in the OAS, SS, and OST basins and around 90% in the first (UV~P1~) and the second (UV~P2~) UV-C~254~ passage. However, the average RVA load registered in the last three maturation basins of the biological wastewater treatment procedures (OAS, SS, OST) looked moderate as low if compared to those recorded in the first two basins of RW and OPT. These average loads were, respectively 5.8 × 10^8^, 3 × 10^8^, 5.1 × 10^8^, 2.8 × 10^8^, and 1.4 × 10^8^ gc/L in the OAS, SS, and OST basins and at the exit of the first (UV~P1~) and the second UV-C~254~ (UV~P2~) passage, respectively. Consequently, the RVA load results in the three categories of treatment adopted in this study (primary, secondary, and tertiary) showed in general a significant reduction of the RVA average loads from the upstream to downstream of the activated sludge procedure, and at the exit of the two-successive UV-C~254~ passages. This reduction was observed from one type to another of the three different treatments adopted in this study (primary, biological, and tertiary treatments) (*p* ≤ 0:05) (Tables [2](#Tab2){ref-type="table"}, [3](#Tab3){ref-type="table"}; Fig [2](#Fig2){ref-type="fig"}). The RVA lessening rates between two successive basins were distributed in the activated sludge procedure as follows: 33% between the first two basins RW and OPT, 85% between OPT and OAS basins, 48.4% between OAS-SS basins, and finally, 12% between OAS-OST basins. Similarly, the RVA rates at the exit of the two successive UV-C254 passages UV~P1~ and UV~P2~ were about of 45.4 and 73%, respectively.Table 2Monthly distribution of the Rotaviruses A viral loads at the arrival and exit of the line of the activated sludge procedure and at the exit of the UV-C~254~ disinfection procedureExit (RW-OST) of secondary treatment by activated sludgeDisinfection treatment by UV-C~254~Months/treatmentRaw wastewater (RW)Exit of primary treatment (OPT)Exit of activated sludge (OAS)Sludge seedling (SS)Exit of secondary treatment (OST)Exit of UV passage 1 (UV~P1~)Exit of UV passage 2 (UV~P2~)TotalJune2.6 10^7^ ± 3 10^6^ a (\*); α (\*\*)1.5 10^8^ ± 2.7 10^7^ b; α1.8 10^7^ ± 3 10^6^ a; α2 10^7^ ± 10^7^ a; α3.4 10^7^ ± 5 10^6^ a; α10^6^ ± 0 a; α10^6^ ± 0 a; α3.5 10^7^ ± 1.1 10^7^July1.9 10^8^ ± 10^8^ a; α2.4 10^9^ ± 2.2 10^9^ a, α; β3.8 10^8^ ± 3.4 10^8^ a; α2.8 10^7^ ± 3 10^6^ a; α2.2 10^7^ ± 7 10^6^ a; α1.7 10^7^ ± 10^7^ a; α4 10^6^ ± 10^6^ a; α4.4 10^8^ ± 3.2 10^8^September2.9 10^8^ ± 5.8 10^7^ b; α1.9 10^7^ ± 10^6^ a; α1.8 10^7^ ± 6 10^6^ a; α2.6 10^7^ ± 3 10^6^ a; α4.5 10^7^ ± 3 10^6^ a; α2.8 10^7^ ± 10^6^ a; α1.1 10^7^ ± 2 10^6^ a; α6.3 10^7^ ± 2.2 10^7^October3.3 10^8^ ± 2.3 10^8^ a; α1.9 10^8^ ± 4 10^7^ a; α3.5 10^7^ ± 1.6 10^7^ a; α6.5 10^7^ ± 5.6 10^7^ a; α1.3 10^7^ ± 1.8 10^8^ a; α4 10^6^ ± 2 10^6^ a; α1.2 10^7^ ± 10^6^ a; α1.1 10^8^ ± 4.1 10^7^November4.5 10^9^ ± 2.3 10^9^ b; α3.5 10^8^ ± 1.3 10^8^ a; α5 10^7^ ± 3.3 10^7^ a; α2.7 10^8^ ± 1.8 10^8^ a; α2.4 10^8^ ± 3.5 10^7^ a; α1.2 10^8^ ± 2.9 10^7^ a; α1.7 10^8^ ± 6.6 10^7^ a; α8.1 10^8^ ± 4.4 10^8^December6.2 10^9^ ± 4.1 10^9^ a; α1.3 10^10^ ± 3.4 10^9^ b; ɣ5.10^8^ ± 2.4 10^8^ a; α5.5 10^8^ ± 4.3 10^8^ a; α2.5 10^8^ ± 1.9 10^7^ a; α2.3 10^8^ ± 4.8 10^7^ a; α1.8 10^8^ ± 1.5 10^7^ a; α2.9 10^9^ ± 1.12 10^9^January4.6 10^9^ ± 6, 10^7^ c; α3.5 10^9^ ± 5.5 10^8^ b, α; β9.6 10^8^ ± 5.1 10^8^ a; α8.4 10^8^ ± 3 10^8^ a; α1.3 10^9^ ± 5.2 10^7^ a, α; β5.7 10^8^ ± 2.2 10^8^ a; α5.5 10^8^ ± 1.5 10^8^ a; β1.7 10^9^ ± 3.5 10^8^February3.4 10^10^ ± 4.7 10^9^ b; β8.910^9^ ± 3.3 10^9^ a; β, ɣ1.8 10^9^ ± 1.5 10^9^ a; α8.2 10^8^ ± 9.2 10^7^ a; α2.8 10^9^ ± 1.7 10^9^ a; β1.7 10^9^ ± 1.6 10^9^ a; α2.2 10^8^ ± 5.1 10^7^ a; α7.1 10^9^ ± 2.6 10^9^March6.4 10^9^ ± 4.3 10^8^ b; α10.6 10^9^ ± 1.7 10^9^ c; ɣ1.3 10^8^ ± 3.5 10^7^ a; α3.3 10^8^ ± 4.4 10^7^ a; α2.1 10^8^ ± 1.8 10^7^ a; α2.4 10^7^ ± 4 10^6^ a; α4.1 10^7^ ± 9 10^6^ a; α2.5 10^9^ ± 9 10^8^April2.3 10^9^ ± 2.5 10^8^ b; α3.3 10^8^ ± 7.7 10^7^ a; α1.8 10^9^ ± 3 10^8^a; α5.4 10^7^ ± 8 10^6^ a; α9 10^7^ ± 5 10^6^ a; α1.4 10^8^ ± 4 10^7^ a; α1.6 108 ± 3.7 10^7^ a; α7 10^8^ ± 3.3 10^8^Total5.8 10^9^ ± 2,10^9^3.9 10^9^ ± 10^9^5.8 10^8^ ± 1.9 10^8^3 10^8^ ± 8 10^7^5.1 10^8^ ± 2.3 10^8^2.8 10^8^ ± 1.8 10^8^1.4 10^8^ ± 3.7 10^7^*gc/L* genomes copies/L; ± standard deviationThe RVA mean viral load values within a column followed by the same letter (a, b, c, d ...) are not significantly different according to Student-Newman-Keuls test at *P* \< 0:05The RVA mean viral load values within a line followed by the same letter (α, β ...) are not significantly different according to Student-Newman-Keuls test at *P* \< 0:05Table 3The main physico-chemical and bacteriological wastewater results analysis after the two studied wastewater treatment procedures (activated sludge procedure and UV-C~254~ irradiation)ParametersRWOSTNT 106-02P~1~ (%)UV~P2~P~2~ (%)SS (mg/L)20717.33092\--COD (mg O~2~/L)57676.79090\--BOD~5~ (mg O~2~/L)33017.73095\--FC MPN/100 mL8.4 10^4^16 10^3^2 10^3^880.399.9FS MPN/100 mL5 10^4^6 10^3^10^3^980.399.9*E. coli* MPN/100 mL17.2 10^4^7 10^4^-960.399.9RVA gc/L5.8 10^9^5.1 10^8^-851.4 10^8^73*RS* raw sewage, *OST* out secondary treatment, *UV*~*P2*~ second passage by UV-C~254~, *P*~*1*~ performance of treatment between RW and OST, *P*~*2*~ performance of treatment between OST and UV~P2~, *SS* suspended solids, *COD* chemical oxygen demand, *BOD*~*5*~ biological oxygen demand, *FC* fecal coliforms, *EC Escherichia coli*, *FS* fecal streptococci, *RVA Rotavirus A*, gc/L genome copies per literFig. 2Rotaviruses A mean viral load in the inflows and outflows of the activated sludge procedure and in the purified effluents by the UV-C~254~ disinfection treatment

Abatement of the main physical-chemical and bacteriological parameters {#Sec12}
----------------------------------------------------------------------

The physical-chemical and bacteriological results in the present study demonstrated a substantial decrease of the median values of the main parameters tested from upstream to downstream of the studied biological wastewater treatment procedure of WWTP Charguia I. In fact, the mean values of the major physical-chemical parameters studied decreased from 207 to 17.3 mg/L for suspended solids (SS), from 576 to 76.7 mg O~2~/L for chemical oxygen demand (COD) and from 330 to 17.7 mg O~2~/L for biological oxygen demand (BOD~5~) (Table [3](#Tab3){ref-type="table"}). Moreover, the concentrations of the fecal bacteria reduced from 8.4 × 10^4^ to 16 × 10^3^ MPN/100 mL for fecal coliforms (FC), 5 × 10^4^ to 6 × 10^5^ MPN/100 mL for fecal streptococci (FS), and 17.2 × 10^4^ to 7 × 10^4^ MPN/100 mL for *Escherichia coli* (EC). Consequently, the obtained results showed the effectiveness and the performance of activated sludge procedures for the physicochemical and bacteriological pollution abatement recording thus a high reduction rate of the main parameters tested (95% for BOD~5~, 87% for COD, and 92% for SS; 98% for FS, 88% for FC, and 96% for EC). All the mean values of the physico-chemical characteristics obtained at the exit of the activated sludge procedure (OST) in this study are lower than those set by the Tunisian wastewater discharge standard (ST 106-02) (SS = 30 mg/L; COD = 90 mg O~2~/L; BOD~5~ = 30 mg O~2~/L). Nevertheless, the average content of these fecal bacteria remaining at the exit of the biological treatment procedures are very important as compared to those fixed by the Tunisian wastewater discharge standard (ST 106-02) (FC = 2 × 10^3^ MPN/100 mL; FS = 10^3^ MPN/100 mL). The tertiary treatment results showed a substantial reduction of the median concentration of these fecal bacteria after the two successive passages through the UV-C~254~ reactor. Indeed, these concentrations decreased from 16 × 10^3^ to 0.3 MPN/100 mL for FC, from 6 × 10^5^ to 0.3 MPN/100 mL for FS, and from 7 × 10^4^ MPN/100 mL to 0.3 MPN/100 mL. In addition, these values were consistent with the Tunisian standards of wastewater discharge (ST 106-02) (FC = 2 × 10^3^ MPN/100 mL, FS = 10^3^ MPN/100 mL) and the abatement rates of these bacteria between the biological and tertiary treatment are similar, they were 99.9% or 3 U log. Therefore, these findings showed the effectiveness and the performance of UV-C~254~ monolamp disinfection reactors intended for the fecal bacteria reduction.

Seasonal distribution of positive rotaviruses A in wastewater samples {#Sec13}
---------------------------------------------------------------------

The obtained results of the RVA mean viral loads were used to assess the seasonality distribution of this type of enteric viruses in the 140 wastewater samples collected from WWTP Charguia I during the 10 months of study (from June 2016 to April 2017). The monthly distribution of RVA frequencies showed that these viruses were detected continuously in circulated sewage with an alkaline pH (7.8--8.3) and ambient temperatures varying between 10 and 40 °C throughout the sampling period, and with a high RVA detection rate in all seasons. Indeed, the RVA frequencies were distributed as follows: 71--100% in summer, 95--100% in autumn, and 100% in winter and spring. However, the RVA quantification results demonstrated that these viruses were detected with low to moderate average frequencies during the dry period (June to November months) and with some significant median viral frequencies during the rainy period (December to March months), thus recording an important peak during winter and spring (Table [2](#Tab2){ref-type="table"}; Fig. [3](#Fig3){ref-type="fig"}). The average viral load of RVA has oscillated between 1.8 × 10^9^ and 7.1 × 10^9^ gc/L during the cold seasons (Table [2](#Tab2){ref-type="table"}; Fig. [3](#Fig3){ref-type="fig"}). Nevertheless, the median RVA load has fluctuated between 3.5 × 10^7^ and 8.1 × 10^8^ gc/L during the hot seasons (Table [2](#Tab2){ref-type="table"}; Fig. [3](#Fig3){ref-type="fig"}). In addition, RVA was encountered along the four seasons with a notable peak during winter and spring in the first two basins (RW and OPT) of the activated sludge procedure.Fig. 3The monthly distribution of the rotaviruses A mean viral load in the inflows and outflows of the activated sludge procedure and in the purified effluents by the UV-C~254~ disinfection treatment

Discussion {#Sec14}
==========

In the present report, the virological results showed that RVA was detected in 98% of the wastewater sampled at the scale WWTP Charguia I positioned in a residential and business area of Tunis City, northern of Tunisia. The primary environmental study conducted by Ibrahim et al. ([@CR20]) reported that the RVA detection rate of around 50% of the sewage collected at a pilot WWTP located in a residential and hospital area of Tunis City, northern of Tunisia. Consequently, the results of this study let to show a significant increase of the RVA detection frequency in the wastewater draining in this same area of study. Indeed, these frequencies increased from 50% in a pilot WWTP to 98% in the industrial WWTP of Charguia I. The important increase of RVA detection rates recorded in the two studies indicated the general emergence, development, and diffusion of this type of gastroenteric viruses commonly dispersed in sewage in the region of the city of Tunis. In addition, the RVA detection rate of 98% registered in the present study appeared as dissimilar to those shown in the two earlier Tunisian environmental studies (32--72%). These last two frequencies have been registered in wastewater samples collected at the scale of three different WWTP situated in the touristic area of Monastir, Sahel region of Tunisia (Sdiri-Loulizi et al. [@CR51]; Hassine-Zaafrane et al. [@CR17]). Therefore, these data also showed the substantial increase of RVA frequency between the two different regions. The important increase of RVA detection frequencies recorded in the three Tunisian environmental studies indicated and agreed on the effect the emergence and the diffusion of these types of gastroenteric virus in the sewage of Tunis and Monastir areas. The emergence and the great diffusion of this type of gastroenteric viruses in Tunisian wastewater is conditioned and related to many various factors associated with the social, hygienic, and geographical dissimilarities of each contact population.

Furthermore, the RVA detection rates recorded in the present work were similar to those reported in earlier and original environmental studies achieved in contaminated wastewater sampled from different wastewater treatment plants in diverse regions of the world. Likewise, RVA was detected with high frequencies in wastewater sampled in various WWTPs situated in China (93.5%), Italy (60.4%), New Caledonia (75%), Egypt (84.6%), and Uruguay (70%) (Zhou et al. [@CR58]; Ruggeri et al. [@CR48]; Kaas et al. [@CR26]; El-Senousy and Abou-Elela [@CR9]; Lizasoain et al. [@CR33]). However, RVA were reported with low detection rates in sewage samples collected in different WWTPs located in Nigeria (14.2%) and in Germany (19%) (Leifels et al. [@CR30]; Motayo et al. [@CR38]). Many other environmental reports demonstrated that RVA frequencies were around of 73.33% and 100% in the inflows and of 26.67% and 21% in the outflows of the sewage sampled at the scale of different WWTPs in Iran and in France, respectively (Kargar et al. [@CR27]; Prevost et al. [@CR44]). In Brazil, the RVA detection rates oscillated between 12.3 and 95% in the collected wastewater samples (Miagostovish et al. [@CR37]; Prado et al. [@CR43]; Fumian et al. [@CR12]; Staggemeier et al. [@CR52]; Assis et al. [@CR2]). Therefore, the high RVA frequency rate confirmed that these viruses are recognized as emergent gastroenteric viruses in numerous natural aquatic environments and could be useful for the vaccine-monitoring program, the waterborne and foodborne disease prevention related with acute viral gastroenteritis.

Similarly, the RVA quantification results showed that these gastroenteric viruses were detected in WWTP Charguia I with significant average viral loads. These average loads were around 5.8 × 10^9^ gc/L in RW and 5.1 × 10^8^ gc/L in OST, and 1.4 × 10^8^ gc/L at the exit of UV-C~254~ treatment (UV~P2~). This first Tunisian environmental study in the northern area of Tunisia reported that the RVA quantification loads were on average more and less low to moderate from the first to the last basins of natural lagoon procedures and at the exit of a rotating biodisks process in a pilot WWTP. These loads have oscillated between 125 and 11 gc/μL (Ibrahim et al. [@CR20]). Therefore, these data indicated an important average viral load of RVA circulating in the sewage in this area of the city of Tunis.

Consequently, the important RVA average viral load of around 5.8 × 10^9^ (gc/L) and the high frequency of positive wastewater samples for RVA, with around 98%, registered in the present study confirmed the increase of foodborne and waterborne outbreaks related to viral gastroenteritis in these areas that lack enteric virus epidemic surveillance. Subsequently, these findings established that sewage monitoring constitutes an original approach for the waterborne prevention and anticipation of viral pandemic gastroenteritis.

In addition, these last findings were dissimilar from those described in many environmental studies conducted in various countries of the world such as France, Brazil, Egypt, China, and Uganda (Prevost et al. [@CR44]; Staggemeier et al. [@CR52]; El-Senousy and Abou-Elela [@CR9]; Zhou et al. [@CR58]; O'Brien et al. [@CR41]). In fact, in all these environmental studies, the recorded average viral loads of RVA were much higher than the ones registered in the present study. Indeed, the RVA average loads have fluctuated in sewage from 10^2^ to 10^5^ gc/L in France, from 10^3^ to 10^9^ gc/L in Brazil, 1.1 10^7^ to 2.4 10^7^ gc/L in Egypt, 1.5 10^3^ to 1.3 10^6^ gc/L in China, and at last from 5.79 10^1^ to 3.77 10^3^ gc/L in Uganda (Prevost et al. [@CR44]; Staggemeier et al. [@CR52]; El-Senousy and Abou-Elela [@CR9]; Zhou et al. [@CR58]; O'Brien et al. [@CR41]; Assis et al. [@CR2]).

The RVA detection and quantification at the input and at the output of the three different wastewater treatment procedures (primary decantation, activated sludge, UV-C~254~) are conducted in the WWTP Charguia I for the determination and the evaluation of the performance of these purification procedures in removing this type of virus. Thus, the results of RVA quantification in the present study showed a significant decrease of the average viral load of RVA in the treated wastewater by activated sludge and UV-C~254~ procedures. The RVA average viral loads declined from 5.8 × 10^9^ gc/L in raw wastewater (RW) to 5.1 × 10^8^ gc/L in the output of the secondary biological wastewater treatment procedure (OST). In addition, the RVA average viral loads showed a moderate reduction from 5.1 × 10^8^ gc/μL at the exit of the secondary treatment (OST) to 1.4 × 10^8^ gc/L at the exit of the second UV-C~254~ passage (UV~P2~). Therefore, the RVA detection results showed no significant difference in the frequencies of these viruses registered in the different basins of the activated sludge and after the two successive passages through UV-C~254~ treatment procedures. The RVA was found with high and similar frequencies in raw wastewater (100%) and in the purified effluents by the implemented biological (100% in OST) and tertiary (90% in UV~P2~) wastewater treatment procedures. Based on the RVA average viral loads registered across the line of the activated sludge procedures indicated that this type of gastroenteric viruses was lowered with an average removal efficiency of around 91% in the case of the activated sludge process and around 73% in the case of the second step of UV-C~254.~ Thus, the biological appeared as more efficient and effective concerning the reduction of the average viral load as compared to the one determined in the case of the second step of UV-C254. According to these last results obtained and mentioned above, it appeared that wastewater treatment by activated sludge was more effective than the tertiary treatment using the disinfection UV-C~254~ system concerning the abatement of the viral particles. Indeed, the treatment by disinfection is in general a complementary treatment and it is not necessarily more efficient than the one obtained by the activated sludge process. The intrinsic biophysicochemical conditions of wastewater are an important and decisive factor in the determination of the output of disinfection. Thus, these conditions are, in general, more stressing for the survival and the maintenance of viral particles in charged water than in clear water. In the same way, there would be many viral particles that would be eliminated following their adsorption to the various suspended matter and solids and they would be eliminated during the process of primary and secondary wastewater settling or clarification.

Therefore, these data established an improvement of the virological quality of the purified effluents intended for recycling, agriculture reuse, and discharges into natural aquatic receiving environments. Consequently, the epidemiology monitoring systems of RVA circulating in polluted wastewater will be advantageous for the improvement of the virological quality of purified effluents. In addition, the obtained results in the present research work represent the first Tunisian environmental report showing the performance of the biological (activated sludge procedures), and particularly tertiary sewage purification procedures (UV-C~254~ disinfection) for RVA removal. Despite the high effectiveness and performance of the two studied wastewater treatment procedures, the RVA looked circulating with important frequencies (100% in OST basins; 90% in UV~P2~) but with average low contents (5.1 × 10^8^ and 1.4 × 10^8^ gc/L in OAS and UV~P2~, respectively) in the purified effluents intended for agronomic reuse, industrial recycling, and release in the natural aquatic receiving environment.

These findings were similar to earlier first two Tunisian environmental reports conducted at the pilot WWTP El Menzeh I situated in the same area of the present study, north of Tunisia. These last two studies showed a moderate effectiveness of two biological or secondary sewage purification procedures: rotating biodisks and natural lagoons for Noroviruses GII and RVA removal. The abatement rates of these viruses were about of 50% for RVA and 54.8% for Noroviruses GII (Ibrahim et al. [@CR19], [@CR20]). Moreover, a recent Egyptian environmental study reported by El-Senousy and Abou-Elela ([@CR9]) demonstrated the effectiveness of two biological wastewater treatment procedures: anaerobic sludge blanket (UASB) and biological aerated filters (BAF) for enteric virus removal such as rotaviruses, noroviruses GI, GII, adenoviruses, and hepatitis E viruses. Nevertheless, two earlier Tunisian environmental studies conducted in various WWTPs situated in the Monastir touristic area, Sahel of Tunisia, reported the ineffectiveness of activated sludge procedures for noroviruses GI, GII, RVA, and sapoviruses abatement and reduction (Sdiri-loulizi et al. [@CR51]; Hassine-Zaafrane et al. [@CR16], [@CR17]; Varela et al. [@CR57]). In addition, the findings of this study were dissimilar from those reported in other recent Tunisian environmental studies also describing the ineffectiveness of the natural oxidation ponds and rotating biodisks in the pilot WWTP El Menzeh I of Tunis City for aichivirus, astrovirus and adenovirus removal (Ibrahim et al. [@CR21], [@CR22], [@CR23]). In addition, a French environmental study indicated the ineffectiveness of activated sludge and biological filtration procedures for enteric virus removal, case of RVA (Prevost et al. [@CR44]). Furthermore, two other same studies conducted in Uruguay and Canada mentioned the high resistance of RVA to various biological and tertiary wastewater treatment procedures, such as activated sludge, ultraviolet disinfection, membrane ultrafiltration (UF) and chlorine (Cl~2~) (Qiu et al. [@CR45]; Lizasoain et al. [@CR33]). Moreover, the resistance of RVA to biological sewage purification procedures such as trickling filters and activated sludge was reported, recording a low removal efficiency of around 0.76--0.99 annual average log~10~ reduction (Tonani et al. [@CR54]; Kitajima et al. [@CR28]).

In addition, the different physico-chemical and bacteriological analysis results indicated a substantial reduction of the average value of the major parameters tested (SS, BOD~5~, COD) and an important decrease of the fecal bacteria (FC, FS, *E. coli*) from the upstream to downstream of the biological wastewater purification procedure. Indeed, the average value of the physico-chemical characteristics at the exit of the secondary activated sludge treatment (OST) appeared lower than those recommended by the Tunisian standard (ST 106-02) of wastewater discharges. Thus, the average contents of the fecal bacteria at the exit of the activated sludge procedures (OST) appeared higher than the ones fixed by the Tunisian standard (ST 106-02) (FS = 6 × 10^5^ \> to 10^3^, FC = 16 × 10^3^ \> to 2 × 10^3^). Consequently, these data indicated a good physicochemical sewage quality of the purified effluent and a bad bacteriological quality of this effluent treated by the activated sludge procedures. Thus, the effects of the UV-C~254~ treatment are crucial and decisive since a tertiary treatment is required for the elimination of these fecal pathogenic bacteria circulating in the purified effluents, which may establish and constitute important menaces and dangers for public health and the natural environment in general. These findings were in accordance with those described in other studies showing the high performance of activated sludge procedures as for the physicochemical abatement (3 U logs) and the moderate effectiveness of this biological purification for the bacteriological abatement (1.5--2 U logs) (Campos et al. [@CR4] ; Dai et al. [@CR5]; Sano et al. [@CR49]; Grandclément et al. [@CR13]). Nevertheless, another earlier Italian environmental report conducted by La Rosa et al. ([@CR29]) showed that the removal efficiency was around 99% (2 U logs) for fecal indicator bacteria. In addition, these data were in agreement with those reported in other Tunisian environmental studies in the same area showing the ineffectiveness of a rotating biological disk for the fecal bacteria indicator removal (Ibrahim et al. [@CR19], [@CR20], [@CR21], [@CR22], [@CR23]). However, the results of the UV-C~254~ tertiary treatment showed an excellent bacteriological quality of the purified effluents; with average fecal bacteria contents much lower than the ones set by the Tunisian wastewater discharge standard (ST 106-02). Therefore, these data indicated that these purified sewage could be used for recycling, agriculture reuse, and harmless releases in natural aquatic environments. All these previous results are in accordance with other comparable reports showing and confirming the almost total elimination of pathogenic microorganisms, such as fecal bacteria and enteric viruses from the purified effluent by UV-C treatment (Qiu et al. [@CR45]; Lizasoain et al. [@CR33]). Similarly, the results obtained in our present study were concordant and similar to those obtained in previous studies conducted by Hassen et al. ([@CR15]), Ben Said et al. ([@CR3]), and Turki et al. ([@CR56]). These authors demonstrated the efficacy of tertiary UV-C~254~ treatment as for the several bacterial communities such as *Pseudomonas aeruginosa*, *Salmonella*, and *Enterococci*.

The RVA seasonal distribution during the 10 months of study, from June 2016 to April 2017, indicated the presence of this type of gastroenteric viruses with important detection rates during all months of the sampling period. These frequencies were around 100% in all months except October and June, where the frequencies were around 90% and 71%, respectively. Nevertheless, the seasonal distribution of RVA average viral load through the period of study was detected and quantified with significant seasonality recording thus important peaks during the cold and rainy months (winter and spring seasons), corresponding to the RVA seasonal peak loads and to the epidemic period of viral gastroenteritis in pediatric populations in Tunisia and other regions in the world (Sdiri-Loulizi et al. [@CR50]; Pang et al. [@CR42]; Desselberger [@CR6], [@CR7]). These mean viral loads varied between 1.7 × 10^9^ and 7.1 × 10^9^ gc/L in the cold seasons. These results obtained are in agreement with those described in earlier environmental studies conducted in Tunisia and in the same area of this study, similarly showing the norovirus GII, aichivirus, astrovirus, and enteric adenovirus abundance during the two seasons of winter and spring (Ibrahim et al. [@CR21], [@CR22], [@CR23]). Likewise, these findings were in accordance with those described in other environmental studies conducted in southern Tunisia, Canada, France, Uganda, and China, which showed that these viruses are the most prevalent during winter and spring (Sdiri-Loulizi et al. [@CR51]; Qiu et al. [@CR45]; Prevost et al. [@CR44]; O'Brien et al. [@CR41]; He et al. [@CR18]). However, our data are in discordance with other environmental studies conducted in Brazil and in the USA reporting that RVA were detected in wastewater samples without seasonal variation during the sampling period (Tonani et al. [@CR54]; Kitajima et al. [@CR28]; Assis et al. [@CR2]).

Conclusion {#Sec15}
==========

This study highlighted the high detection rates and the important average viral loads of RVA in inflows and outflows of a wastewater treatment plant, positioned in the residential and industrial area of Charguia I of Tunis City, northern Tunisia. In addition, the present report established the high performance and effectiveness of the assumed biological wastewater treatment procedure in Tunisian treatment plants using activated sludge procedures for the fecal coliforms, fecal streptococci, *E. coli*, and the RVA removal, presenting a good bacteriological and virological quality of the purified effluents. Despite the effectiveness of the activated sludge procedure for the enteric pathogen abatement, fecal bacteria and RVA were still circulating in the treated effluents, which constitute a risk for agriculture, animal, and human populations. The tertiary treatment results showed that an excellent bacteriological quality and almost total disinfection of the purified effluents were obtained at the exit of the second passage by UV-C~254~ monolamp reactors. However, a moderate improvement of the virological quality of the purified effluents was acquired by UV-C~254~ treatment. Therefore, this data demonstrated the insufficient sanitary quality of treated wastewater envisioned for agricultural reuse, recycling, and releases into natural aquatic environments. The tertiary treatment by ultraviolet irradiation seemed necessary in all Tunisian wastewater treatment plants in order to upgrade the microbiological quality of the treated effluents by biological purification. These findings reflect the epidemiology of these viruses in the pediatric population, highlighting that treated wastewater establishes a route of RVA spread and a source of viral pandemic gastroenteritis related to waterborne and foodborne epidemics.
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